We used DNA fragments from the centromere regions of yeast (Saccharomyces cerevisiae) chromosomes III and XI to examine the transcriptional activity within this chromosomal domain. RNA transcripts were found 200 to 300 base pairs from the 250-base-pair centromere core and lie within an ordered chromatin array. No transcripts were detected from the functional centromere region. We examined the cellular function of one of these tightly centromere-linked transcripts, (CENJl)L, by disrupting the coding sequences in vivo and analyzing the phenotype of the mutant yeast cell. Diploids heterozygous for the (CENII)L disruption sporulated at wild-type levels, and the absence of the (CENII)L gene product had no effect on the viability or mitotic growth of haploid cells. Diploids homozygous for the (CENJI)L disruption were unable to sporulate when induced by the appropriate nutritional cues. The mutant cells were competent for intragenic recombination and appeared to be blocked at the mononucleate stage. The temporal ordering of (CENII)L function with respect to the sporulation mutant spol3 suggests that the (CENJl)L gene product may be required at both the first and second meiotic cell divisions. This new sporulation gene has been termed SPOIS.
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The transmission of genetic material to progeny cells during the cell cycle is an essential process that proceeds with a high degree of precision in all eucaryotic organisms. This process involves the establishment of a spindle apparatus that interacts with specific regions along the eucaryotic chromosome, the centromeres, to direct the accurate segregation of identical genetic information to the daughter cells. Although yeast centromeres cannot be visualized at the morphological level, the genetic segregation properties of yeast chromosomes clearly indicate the involvement of specific chromosomal loci. The centromeric regions from five chromosomes in yeasts (CEN) have been isolated (CEN3 [10] , CEN4 [33] , CEN5 [22] , CEN6 [26] , and CEN/I [14] ) and are able to confer properties of chromosome stabilization and proper Mendelian segregation to replicating DNA molecules in yeasts (10) . Furthermore, when CEN3 sequences are deleted from their host chromosome in vivo, an acentric chromosome is produced which is lost from the population, presumably owing to the missing spindle attachment site (11) . The centromere sequence is therefore required to stabilize the entire yeast chromosome. Chromosome stability is recovered when the centromere DNAs from chromosomes III, XI, and VI are substituted in either orientation for the CEN3 region in chromosome III (3, 11) . The resulting chromosomes segregate normally through mitosis and meiosis in a manner identical to that of normal chromosome III. These results indicate that the yeast centromeres are fully functional in either orientation and are not necessarily chromosome specific.
The molecular organization of the centromere region of the chromosome is characterized by a conserved core particle that is surrounded by distinct arrays of nucleosomal subunits (4) . The centromere core DNA is organized in a 220-to 250-base-pair (bp) chromatin particle that is protected from nuclease digestion in the cell nucleus. The structure of the centromeric core particle is determined strictly by the centromere DNA sequence (5) and contains the conserved regions of DNA sequence homology between the different centromeres, elements I to III (reviewed by Carbon [7] ). Deletion of these elements from the centromere region inactivates centromere function and coordinately disrupts the protected centromere core (5) . In contrast, disruptions within the flanking centromeric regions show no deleterious effect on centromere function, and the flanking sequences do not have to be contiguous with the essential element I to III region for proper segregation of the host chromosome (8) .
The function of the centromere in cellular processes may not be limited to its essential role in mitotic and meiotic cell divisions. The centromere region has been implicated in such events as elevated levels of mitotic recombination (16, 23) , a suppression of meiotic recombination (1, 2, 23) , and variegation in gene expression (21) . The distinctive nucleosomal array flanking the centromere may be involved in the structural organization of that region of the chromosome and may not have a direct role in centromere function. Alternatively, the flanking sequences may serve to prevent transcription through the centromere, since it has recently been shown that transcription initiated from a strong promoter and directed toward the CEN sequences abolishes centromere function (25a; A. Hill and K. Bloom, unpublished data).
The direct isolation of centromere DNA from the yeast Saccharomyces cerevisiae has made possible the isolation of sequences flanking the centromere. Hybridization studies reveal that these flanking sequences are not repeated in the yeast genome, although they may contain very small (10-to 50-bp) regions of homology (4, 10 Thomas (35) .
Hybridization of nick-translated 32P-labeled DNA fragments (9) to RNA immobilized to nitrocellulose paper was done by the method of Cameron et al. (6) . The hybridization buffer (lx HYB) contained 0.5 M NaCl, 0.1 M sodium phosphate buffer (pH 7), and 6 mM EDTA. The blots were prehybridized for 2 h at 65°C in 1 x HYB plus 1% SDS. The 32P-labeled DNA probe was denatured by heating at 100°C for 5 min, quick cooled on ice, and added to the hybridization solution. Hybridization was carried out overnight at 65°C. The blots were washed in 0.25x HYB-1% SDS for 1 h and then washed three times in 0.25 x HYB with no SDS for 1 h each time. All washes were at 65°C. The blots were air dried and exposed with Kodak XRP-5 film and a Du Pont Cronex Lightning-Plus intensifying screen at -80°C. DNA samples were analyzed on 1.4% agarose slab gels containing 0.09 M Tris borate (pH 8.3) and 2.5 mM EDTA (24) . Transfer of DNA from agarose gels to nitrocellulose paper (BA 85; Schleicher & Schuell) was performed essentially as described by Southern (32) . Hybridization analysis was performed as described by Bloom and Carbon (4) . RESULTS Transcription map of regions flanking the centromere in chromosome III. A physical map of the centromere region on chromosome III is shown in Fig. 1 . Specific yeast DNA fragments from this region were isolated from recombinant plasmids and used as radiolabeled probes to measure the transcriptional activity of this region of the genome. RNA was analyzed from mitotic cultures of wild-type yeast cells grown to the mid-logarithmic phase in rich medium. RNA was extracted, separated by size on denaturing agarose gels, and transferred to nitrocellulose filters. RNA species visualized after hybridization and autoradiography are shown in maps approximately 500 bp to the left of CEN3, toward the LEU2 gene (9) . These transcripts are all retained on oligo(dT)-cellulose and thus contain poly(A)+ 3' ends or high stretches of deoxyadenylate in the transcript. The 1,300-nucleotide RNA that maps 3 kb to the right of the centromere on chromosome III has been identified as the CDCJO transcript (19) . The amount of CDCIO mRNA has been measured by quantitative R-loop analysis to be about three to five copies per cell (E. Yeh and D. Kaback, unpublished data). In comparison, the (CEN3)R transcripts are present at less than one copy per cell, while (CEN3)L transcripts are present at about one copy per cell. These tightly centromere-linked transcripts occur within the dis- tinct nucleosomal arrays flanking the centromere (see Fig. 3 [4]). No RNA was detected when 480 bp of CEN3, including the conserved elements I to III, was used as a hybridization probe.
Transcriptional map of regions flanking the centromere on chromosome XI. We also investigated the transcriptional activity of the centromere region on chromosome XI. A physical map of the centromere region is shown in Fig. 2 . The plasmid pYe(METJ4)2 contains a 5.2-kb yeast DNA insert that complements auxotrophic mutations in the MET14 gene on chromosome XI and demonstrates proper centromere function (14) . pYe(METJ4)2 DNA was digested with various restriction enzymes, and specific DNA fragments were isolated and used as hybridization probes to detect complementary RNA species as described above. Specific RNAs visualized after hybridization and autoradiography are shown in nuclease-hypersensitive site that demarcates the central centromere core and within the highly ordered nucleosomal array that extents 1.5 kb to the left of CENiI (4) (see Fig. 3 (Fig. 3) (30) . Therefore, in vitro sequence alterations can be constructed that, when used to replace the wild-type sequence, permit the in vivo function of the altered gene to be determined. We used this technique to disrupt the (CENIJ)L transcript and determine its cellular function. The schematic diagram in Fig. 4 illustrates the transformation and substitution of the disrupted (CENJJ)L fragment for the wild-type sequences in chromosome XI. HIS31his3 diploids were obtained by transformation of the yeast strain UNC1 (see Materials and Methods) with the (CENlI)L disruption vector as described in the legend to Fig. 4 . A diploid strain was chosen as the host for the gene disruption. If (CENJJ)L encodes an essential gene product, the inactivation of essential gene sequences would then be complemented by the other copy in the diploid host.
Substitution by the disruption fragment at the correct locus in the HIS3+ transformants was confirmed by hybridization of transformant DNA to radiolabeled cloned probes. DNA was isolated from the two haploid parents and two HIS3+ transformants. The DNA was restricted with EcoRI and SalI, electrophoresed on a 1% agarose gel, transferred to nitrocellulose, and hybridized to a 32P-radiolabeled EcoRISalI fragment encoding the (CENII)L transcript (Fig. 4) . The resulting autoradiograph is shown in Fig. 5A . Lanes 1 and 2 are DNA samples isolated from the haploid parents [(CENlI)L+], and lanes 3 and 4 shows the HIS3+ diploid transformants. Lanes 1 and 2 contain a 2.2-kb fragment reflecting the wild-type chromosome XI conformation. Lanes 3 and 4 contain the 2.2-kb fragment plus a 3.9-kb fragment. The appearance of the 3.9-kb fragment in the transformant strains is accounted for by insertion of the 1.7-kb HIS3 gene within the 2.2-kb (CENJJ)L gene. The equal intensity of the 2.2-and 3.9-kb bands indicates the heterozygous nature of the disruption.
To confirm that the HIS3+ cells did not contain (CENJJ)L RNA, RNA was isolated from the transformant strains, separated by size on denaturing agarose gels, and transferred to nitrocellulose. (CENIl)L transcripts were visualized after hybridization to radiolabeled (CENll)L DNA as described above. The autoradiograph shown in Fig. SB Functional analysis of (CENJI)L disrupted strains. We examined the role of this tightly centromere-linked gene, (CENIJ)L, in mitotic or meiotic cell divisions. The (CENII)L: :HIS31(CENII)L diploids were induced to undergo meiotic divisions, and the sporulation frequency and viability of the meiotic products were measured. There was no difference in the sporulation frequency between heterozygous diploids and the wild-type diploid (78 versus 80%) (Table 1) Single colonies that had lost pYe(MET14)2 were isolated after growth on nonselective medium and replica plated to media either containing or lacking tryptophan. Isogenic strains that differed only in the presence of pYe(METJ4)2 were compared for their ability to sporulate. Diploids that maintained pYe(METJ4)2 were able to sporulate, whereas diploids that had lost the plasmid were incapable of spore formation. This demonstrates that the (CENII)L gene product is trans acting and is essential for sporulation. We therefore named this gene SPOIS.
Temporal ordering of SPOIS in meiosis. During meiosis, DNA replication and recombination precede the first meiotic division, in which the homologous chromatids separate, but the sister chromatids remain paired. Sister chromatid separation analogous to a mitotic division does not occur until the second meiotic division. Selection schemes have been designed to isolate mutations in genes specific for sporulation (13) . These mutant alleles include the spo (13) , spd (12) , and mei genes (29) , and have helped elucidate the coordination of meiotic events. Diploids entering meiosis have a single unduplicated spindle pole body. These cells proceed through a round of premeiotic DNA synthesis and recombination, coincident with the duplication of the spindle pole bodies. Spindle pole body duplication and premeiotic DNA synthesis are independent events that can be separated by mutational analysis, but their completion is required for the first nuclear division of meiosis I. After the spindle pole bodies separate to form the spindle for meiosis I, they duplicate and separate again to form two meiotic II spindles.
To distinguish between a general metabolic defect that inhibits sporulation (13) and a specific meiotic gene function, the spolS::HIS3 homozygous disrupted strains were grown on glucose, acetate, or glycerol as the carbon source. Growth rates of mutant and wild-type populations were indistinguishable on each carbon source (data not shown). Thus, the requirement for spolS in meiosis is not at the level of acetate utilization or mitochondrial function.
The commitment to sporulation can be measured in cells that have been induced to undergo the meiotic process and redirected toward mitotic growth when returned to rich medium during meiotic development. With increasing time in sporulation medium, the cells become irreversibly committed to the completion of meiosis and form haploid spores before resuming mitotic growth. The commitment to meiotic recombination is the time at which high levels of genetic recombination are detected after return to mitotic growth. We used this "return to growth" protocol (31) to determine whether the disrupted diploids were competent to undergo meiotic recombination and initiate the meiotic process. prototrophs per 105 CFU were seen in the wild-type strain. Ascus production was monitored by microscopic examination, and approximately 80% of UN3C5C cells formed mature asci. The homozygous spolS disruption strain also exhibited a commitment to meiotic recombination with intragenic recombination kinetics similar to that of wild-type cells. There was a slight lag with respect to the wild type when prototrophs in excess of the starting background first appeared, but the kinetics of prototroph production and the maximum number of prototrophs produced (150 Trp+ per 105 CFU) were similar to wild-type levels. There was no significant loss of cell viability in either the wild-type or the spolS-disrupted cells.
The staining of DNA with the fluorescent compound diamidino-2-phenylindole dihydrochloride (DAPI) allows sporulating cells to be classified into several stages: mononucleate, first nuclear division, binucleate, second nuclear division, and tetranucleate (37) . We stained spol5::HIS31spolS::HIS3 diploids with DAPI to visualize at what meiotic stage the cells were arrested. Wild-type and spol5::HIS31spoJS::HIS3 diploids were grown to the early logarithmic phase in presporulation, amino acid-supplemented YPA medium and then were suspended in sporulation medium. After 4 days of incubation at 32°C, cells were stained with DAPI as described in Materials and Methods. Wild-type diploid cells stained with DAPI and visualized with phase optics revealed three and four spore asci per cell (Fig. 7A) . When the same cells were visualized with fluorescent optics, nuclei were distinctly stained and corresponded to the number of spores seen in phase optics (Fig. 7B) . Staining of the spolS disrupted diploid cells revealed only cells in the mononucleate stage (Fig. 7D) . After 4 days in sporulation medium the disrupted diploids became phasedark (Fig. 7C) . The mononucleate nature of the disrupted diploids and the ability of the cells to undergo intragenic recombination suggests that the block in sporulation occurs immediately before or at the first meiotic nuclear division.
We examined the requirement for the SP015 gene product at later times in meiosis by utilizing another mutant gene, spol3-1, that bypasses meiosis I (20) . In strains containing this mutation, meiotic recombination is followed by a single meiosis II-like division. The meiosis I reductional division is bypassed, and two diploid spores are formed. A spol5 spol3 double mutant was unable to complete any meiotic divisions. Staining of the mutant diploid cells with DAPI revealed a mononucleate staining pattern similar to that of spolS disrupted diploids shown in Fig. 7C . The persistence of the spol5 mutant phenotype in the presence of the spol3 bypass suggests either that the function specified by SPOJ5 is required for sporulation even after meiosis I or that SP015 acts at a single time before the spol3-1 bypass occurs. DISCUSSION The centromere regions in the chromosomes from the yeast S. cerevisiae are the first eucaryotic centromeres to be characterized at the DNA sequence level. We used the centromere and centromere-flanking sequences as probes both for their molecular structure within the cell nucleus and for the transcriptional activity from this region of the genome (Fig. 3) . Our findings revealed that the centromere region in yeasts is structurally distinct from the flanking chromosomal arms; however, repetitive satellite sequences that seem to be associated with the centromere in higher eucaryotes (27) are noticeably absent in this region of the yeast genome. A highly repeating array of nucleosomal subunits is characteristic of the flanking centromere region in chromosomes III and XI in yeasts (4) (Fig. 3) . These structural subunits lie in a fixed position relative to the DNA sequence that abuts the centromere core and may be an evolutionary precursor to the structurally differentiated state seen in higher eucaryotes.
This flanking centromere region is also transcriptionally active in yeasts. RNA transcripts that map quite close to the centromere core (within 200 to 300 bp) were found in chromosomes III (Fig. 1) , IV (33) , and XI (Fig. 2) . In no case were any transcripts detected that are homologous to the centromere core itself. These results indicate that the proximity of actively transcribed sequences near a centromere does not disrupt centromeric stabilization or segregation functions in vivo. However, when a centromere is placed VOL. 6, 1986 at UNIVERSITY OF NORTH CAROLINA on November 14, 2007 mcb.asm.org
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downstream from a strong promoter, induction of the promoter can inactivate centromere function (25a; Hill and Bloom, unpublished data). A mechanism to prevent the transcriptional inactivation of the centromere from the endogenous transcripts would seem essential. The (CENII)L transcript we examined was transcribed toward the central centromere core, while other centromere-linked transcripts are transcribed away from the same centromere. Strong termination signals that abut the centromere core could prevent transcriptional readthrough and inactivation of the centromere. These presumptive termination signals could be specified by the DNA sequence or may result from structural parameters characteristic of the chromatin template. Alternatively, the promoter strength of centromere-proximal genes may prevent transcriptional inactivation of the centromere.
The ability to direct mutations into a specific region of the host chromosome allowed us to create a disruption mutation in the (CENJI)L (SP015) transcriptional unit. This transcript was dispensable in mitosis but was absolutely required for meiotic cell division. The requirement for SP015 in meiosis but not mitosis was unrelated to the level of gene expression. The SP015 gene is expressed during sporulation at approximately the same steady-state levels as in vegetative growth (38) . The spolS homozygotes are capable of intragenic recombination but arrest as mononucleate cells. This mutation, along with the previously characterized spol and spolO genes (reviewed in reference 13), indicate that the commitment to DNA synthesis and meiotic recombination can be mutationally separated from the commitment to meiotic cell division. From a cytological point of view these results suggest that control of DNA metabolism is independent from the control of the segregation apparatus, i.e., spindle pole body duplication and spindle formation. A cytological analysis of spol and spolO illustrates that the spindle pole bodies remain unduplicated in these cells at the arrest point (13, 25) . Furthermore, the SPOI gene is required even after duplication of the spindle pole body in meiosis I. The SP015 gene product may also be required for both the reductional and equational segregation divisions. Although there does not seem to be a correlation between the chromosomal location of genes and their function, two spo genes have also been mapped near centromeres, SPOI on chromosome XIV and SP07 on chromosome I. The SP015 gene has not been previously characterized and is unique in its arrest in meiosis I (13) . We have therefore identified a new gene product that is required at a specific stage in meiosis.
